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Abstract
Rates of gross primary production (GPP) and respiration (CR) of plankton communities in the upper ocean
were evaluated on the basis of a data set comprising 3149 paired light and dark bottle measurements of volumetric
GPP-CR of euphotic zone plankton communities. The data were from 72 published and unpublished reports of
measurements made between 1981 and 2011 from the open ocean and the Mediterranean Sea. The data set is
dominated by measurements in chlorophyll a (Chl a)–rich oceans and North Atlantic waters, with a paucity of
measurements in the Indian Ocean and South Pacific Ocean. CR scaled as the 3/4 power of GPP with a power
slope of 0.79 6 0.01, implying that the threshold GPP separating heterotrophic from autotrophic plankton
communities is 1.26 mmol O2 m23 d21. Plankton communities with Chl a , 0.35 mg m23 tend to be
heterotrophic. Both GPP and CR declined exponentially with depth, but the GPP declined faster, at 42% 6 7%
m21, than CR (29% 6 8% m21), so that CR increases relative to GPP with depth.
Marine pelagic ecosystems contribute approximately
half of the Earth’s photosynthetic production, supported
by only 0.2% of the Earth’s photosynthetic biomass
(Falkowski 1994; Antoine et al. 1996; Behrenfeld and
Falkowski 1997; Field et al. 1998). In contrast to the
dominance of autotrophic biomass on land, this small
photosynthetic biomass supports a comparatively larger
biomass of heterotrophs in the ocean (Gasol et al. 1997),
which is associated with a high heterotrophic activity in
oceanic plankton communities (Duarte and Cebria´n 1996;
Duarte and Agustı´ 1998; del Giorgio and Williams 2005;
Robinson and Williams 2005). Indeed, planktonic respira-
tion may exceed primary production in individual plankton
communities, particularly in the oligotrophic ocean
(Duarte and Agustı´ 1998; Duarte and Prairie 2005; Duarte
and Regaudie-de-Gioux 2009). The suggestion that hetero-
trophic communities (i.e., where the rate of community
respiration [CR] is greater than the rate of gross primary
production [GPP]) may prevail in oligotrophic ocean
ecosystems raised considerable debate (Karl et al. 1993;
Williams and Bower 1999; del Giorgio and Duarte 2002;
Duarte et al. 2013; Williams et al. 2013). However, this
controversy proved positive and stimulated much-needed
research to expand the meager empirical basis (del Giorgio
and Williams 2005) on which these debates were originally
based (Duarte et al. 1999; Williams and Bower 1999; del
Giorgio and Duarte 2002).
A first major step in assessing planktonic respiration at
the global scale was a review of marine plankton
metabolism (Robinson and Williams 2005), which reported
957 paired observations of volumetric plankton metabo-
lism and respiration (cf. fig. 9.10 in Robinson and Williams
2005). These data were dominated by estimates derived
from midlatitudes in the Atlantic Ocean, with very few
estimates available for the rest of the ocean (cf. figs. 9.2 and
9.12 in Robinson and Williams 2005). The resulting
geographically limited data set precluded a robust evalu-
ation of global and regional patterns in planktonic
metabolism.
The possible prevalence of heterotrophy in some oceanic
communities requires allochthonous inputs of organic
carbon (del Giorgio and Duarte 2002; Duarte and Prairie
2005), which may derive from riverine inputs and
atmospheric deposition (del Giorgio and Duarte 2002;
Duarte et al. 2013). Riverine inputs enter the ocean through
the coastal margins and are not evenly distributed in the
ocean, with the Arctic Ocean receiving about 3000 km3 yr21
of freshwater runoff (Carmack and Wassmann 2006), and
the equatorial western Atlantic receiving 70,140 km3 yr21
of freshwater just from the Amazon and Orinoco rivers
(Franzinelli and Potter 1983; Lewis et al. 1990). Likewise,
atmospheric inputs of organic carbon appear to be highest
in the tropical ocean, particular in the eastern Atlantic
Ocean (Dachs et al. 2005; Jurado et al. 2008). In addition,
respiratory activity is likely to be elevated relative to
primary production in warm tropical ocean waters (Lo´pez-
Urrutia et al. 2006; Regaudie-de-Gioux and Duarte 2012).
Hence, plankton metabolism is expected to exhibit signif-
icant variability across the ocean.
Plankton community metabolism has been addressed
using a diversity of techniques, including oxygen evolution
in dark–light bottles (Carpenter 1965; Carrit and Carpenter
1966); tracer additions (14C additions, Steeman Nielsen
1952; 18O-labeled H2O, Bender et al. 1987); incubation-free
methods, including analyses of triple oxygen isotopes (Luz
and Barkan 2000); O2 : Ar ratios (Emerson 1987; Spitzer
and Jenkins 1989; Emerson et al. 1993); nonintrusive bio-
optical methods (Claustre et al. 2008); fast–repetition-rate
fluorometry (Kolber and Falkowski 1993); and oxygen
sensors mounted on gliders (Tengberg et al. 2006;* Corresponding author: aurore.regaudie@imedea.uib-csic.es
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Nicholson et al. 2008) and buoys (Boutin and Merlivat
2009). The estimates derived from each of these methods
are not directly comparable, as they have different
assumptions and limitations, and often address different
processes (Marra 2002; Robinson and Williams 2005;
Robinson et al. 2009; Duarte et al. 2013). A large data
set compiling plankton metabolism rates derived from these
different methods is available from the digital repository of
the Spanish Council for Scientific Research (Regaudie-de-
Gioux and Duarte 2013), where the data set will be
maintained and expanded in the future. Most estimates of
GPP, R, and net community production (NCP) available in
this data set were derived using the dark–light method
(83%, 100%, and 97%, respectively), with the rest of the
techniques providing a limited number of estimates and a
limited geographic coverage. Hence, as Robinson and
Williams (2005), we focused this review on estimates
derived using the dark–light method. Our expanded
dark–light data set includes 3854 measurements of light
and dark bottle volumetric metabolic rates derived from
1395 stations across the ocean with 3149 paired GPP–CR
volumetric data. We examined the distribution of volumet-
ric rates of planktonic GPP, CR, NCP (5 GPP 2 CR), and
the ratio of GPP to CR (P : R ratio); the depth distribution
and relationships between CR and GPP for the global data
set; differences in GPP between autotrophic and hetero-
trophic planktonic communities; and the thresholds of GPP
and chlorophyll a (Chl a) separating these communities.
Methods
We used here Robinson and Williams’s (2005) metabo-
lism data comprising GPP and CR, and we expanded it to
include recently published data and our own unpublished
data using the dark–light technique from 72 individual
reports published between 1981 and 2011 from stations
across the open ocean, including the Mediterranean Sea
(Table 1). Characteristics of the dark–light method are
discussed by Robinson and Williams (2005) and Duarte
et al. (2013). The present analysis contains 3854 estimates of
volumetric metabolic rates derived from 1395 stations across
the ocean with 3149 paired GPP–CR volumetric rate
estimates. This restricted data set is available in the Web
Appendix (www.aslo.org/lo/toc/vol_58/issue_3/0977a.html).
Depth-integrated rates, calculated using a conventional
trapezoid method, were estimated for stations where rates
were available for at least three depths within the euphotic
layer. However, information in the papers from which data
were obtained was not sufficient to integrate to a similar
reference depth for all the stations; some integrated across
the mixed layer, others over the euphotic layer, and others
to standard depths. Because the integration to varying
reference depths could introduce biases, we present
integrated mean rates (Table 2), with the individual
estimates reported in the Web Appendix.
Concurrent measurements of Chl a concentration and
bacterial abundance were included in the data set where
available. Photosynthetically available radiation (PAR)
data were not available for most of the database. Where
PAR was not reported, we extracted cloud-corrected
surface PAR data (Einstein m22 d21) from the Sea-viewing
Wide Field-of-view Sensor (SeaWiFS; McClain et al. 1998)
for each station and the corresponding sampling date,
which are included in the Web Appendix.
Mean values and parametric statistics were used to
report statistics for variables normally distributed in the
data set and with equal variance (f-test), and nonparamet-
ric statistics were used otherwise. The uncertainty of the
estimates was reported for only about two-thirds of the
estimates, so the precision of some of the estimates could
not be assessed. Future reports of plankton metabolic rates
should provide error estimates for rates so that new global
analyses can fully account for the precision of the estimates.
The central tendency of the P : R ratio was represented by
the median value, because the mean value is biased towards
values . 1 (e.g., the mean P : R of two communities, one
where GPP 5 2 CR, and another one where GPP 5 1/2 CR
is 1.25). Model II regression was used to represent the
relationship between variables, which were log transformed
when necessary to comply with the requirements of the
analysis.
The robustness of the relationship between CR and GPP
derived from the 3149 volumetric GPP–CR paired esti-
mates across the ocean was tested using bootstrap.
Specifically, we randomly selected 10% paired observations
of CR and GPP from the dark–light data set, then fitted a
linear regression Type II model to the log-transformed
rates, calculated the threshold of GPP for GPP 5 CR using
a logistic regression to the log-transformed rates, and used
the fitted Type II model regression equation to predict the
CR values for the observations not used to fit the
regression from the corresponding GPP to test the
predictive power of the regression equation. We repeated
this procedure 10 times to examine the variability of the
parameters and their possible dependence on specific
subsets of data.
Results
The dark–light database provides an improved global
coverage of planktonic metabolism in the ocean (Table 1;
Figs. 1, 2). Most of the observations derive from the
Atlantic Ocean (Figs. 1, 2), with a relatively high density of
data also available for the Antarctic Peninsula in the
Southern Ocean, eastern Arctic Ocean, and Mediterranean
Sea (Table 1; Figs. 1, 2). In contrast, there is still a
remarkable paucity of data in the Pacific Ocean and the
Indian Ocean (Figs. 1, 2). Dark–light method planktonic
metabolism measurements began increasing in the early
1990s, to 545 observations between 2007 and 2010 (Fig. 3).
The highest Chl a concentrations (. 1.5 mg Chl a m23;
Table 3) in the dark–light data set were observed for
stations sampled in the Arctic and Southern Ocean (t-test,
t 5 2.32, df 5 1455, p , 0.05 and t 5 8.02, df 5 1485, p ,
0.05, respectively) and the lowest were for stations in the
Mediterranean Sea and Pacific and Indian Oceans (,
0.7 mg m23; Table 3). Bacterial abundances in the dark–
light data set for stations sampled in the Mediterranean Sea
were significantly lower than in the Arctic and Atlantic
Ocean (t-test, t 5 22.44, df 5 530, p , 0.05 and t 522.84,
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df 5 530, p , 0.05, respectively) (Table 3). The majority of
the Chl a values (48%) were within the range 0.25 to 1.6 mg
Chl a m23 and 25% of the values were in the range 0.40 to
1 mg Chl a m23, suggesting that high–Chl a communities
are overrepresented in the database available on plankton
community metabolism rate, because most of the Chl a
values in ocean surface waters are between 0.08 and 0.6 mg
Chl a m23 (Morel and Maritorena 2001). Indeed, the
median Chl a concentration was 0.49 mg Chl a m23 and
45% of the Chl a values in our dark–light data set were
above 0.6 mg Chl a m23. Examination of the geographic
spread of stations supports this suggestion, as the
oligotrophic gyres of the subtropical ocean, which comprise
70% of the ocean surface, are underrepresented, particu-
larly in the Indian and Pacific Oceans (Fig. 1).
The geographical coverage of dark–light method data is
improved relative to previous compilations, but the
distribution across the ocean remains sparse and imbal-
anced (Fig. 1). Whereas coverage is relatively high for the
Atlantic Ocean (Table 3; Fig. 1), all other oceans remain
grossly undersampled. Hence, mean metabolic rates,
whether global or basin specific, are likely biased estimates
of the true global and regional mean values. For the dark–
light method data set, the mean volumetric GPP rates (3.8
6 0.5 mmol O2 m23 d21) were significantly higher (t-test,
t5 11.09, df5 3183, p, 0.05) than the mean volumetric CR
rates (2.2 6 1.0 mmol O2 m23 d21; Table 2). Accordingly,
the mean volumetric NCP rate (1.26 0.8 mmol O2 m23 d21)
was significantly higher than 0 (t-test, t5 11.26, df5 3521, p
, 0.05; Table 2) and the median volumetric P : R ratios was
1.1 6 2.3 (Table 2), indicative of a balance between
autotrophic and heterotrophic metabolism.
The highest metabolic rates, averaging 6.6 6 0.6 and 2.6
6 0.8 mmol O2 m23 d21, respectively, were in the top 10 m.
Indeed, metabolic rates declined exponentially with depth
(Fig. 4), with GPP declining faster (42% 6 7% m21) than
CR (29% 6 8% m21) with depth. This confirms that the
ratio P : R tends to decline with depth, i.e., communities
become more heterotrophic as depth increases (Duarte
et al. 2013).
Table 1. Sources of data for the dark–light database on
plankton metabolism in the upper ocean, including the number of
observations (n data) (references available in the Web Appendix).
Ocean Reference n
Atlantic Aranguren-Gassis et al. 2011* 31
Aranguren-Gassis et al. 2012* 56
Arı´stegui and Harrison 2002 40
Arı´stegui et al. 2004 22
Arı´stegui unpubl. (1991; 2000)* 13
Aristegui et al. 2009 96
Gist et al. 2009 161
Gonza´lez et al. 2001 64
Gonza´lez et al. 2002 117
Gonza´lez et al. 2003 12
Lowry 2004{ 151
Maixandeau et al. 2005 242
Mora´n et al. 2004 36
Mourin˜o-Carballido and McGillicuddy 2006 31
Mourin˜o-Carballido and Anderson 2009 10
Navarro et al. unpubl. data 2003 79
Regaudie-de-Gioux and Duarte 2010b 71
Robinson unpubl. 2004{ 13
Robinson unpubl.* 4
Robinson et al. 2009 29
Serret et al. 1999 45
Serret et al. 2001b 19
Serret et al. 2001b; Robinson et al. 2002{ 118
Serret et al. 2006 95
Teira et al. 2001 31
Williams 1998; Williams 2000{ 143
Pacific Godoy et al. 2012 18
Hashimoto et al. 2006 21
Karl and Church1 18
MacAndrew et al. 2007 9
Sarma et al. 2005 6
Sarma et al. 2008 18
Viviani et al. 2011 13
Williams and Purdie 1991 15
Williams et al. 2004 178
Mediterranean
Sea Bonilla-Findji et al. 2010 49
Duarte et al. 2000 3
Duarte et al. 2004 334
Gonza´lez et al. 2008 32
Lefe`vre unpubl. 2004* 65
Lefe`vre et al. 1997 83
Lucea et al. 2005 24
Navarro et al. 2004 15
Regaudie-de-Gioux et al. 2009 69
Robinson 2000 17
Satta et al. 1996 25
Antarctic Agustı´ et al. 2004 22
Agustı´ and Duarte 2005 4
Arı´stegui et al. 1996 22
Bender et al. 2000; Marra 2002 61
Bender 2003{ 144
Blight 1996* 17
Bouquegneau et al. 1992 14
Boyd et al. 1995{ 16
Dickson and Orchado 2001; Marra 2002 125
Lefe`vre et al. 2008 42
Navarro et al. unpubl. data 2005 33
Odate et al. 2002 12
Regaudie-de-Gioux unpubl. data 2009 77
Ocean Reference n
Robinson unpubl. 1997* 11
Robinson and Williams 1993 11
Serret et al. 2001a{ 20
Indian Lowry 2004{ 27
Robinson 2003{ 40
Robinson and Williams 1999{ 40
Arctic Cottrell et al. 2006 112
Holligan et al. 1984 22
Regaudie-de-Gioux and Duarte 2010a 66
Robinson et al. 2002{ 35
Vaquer-Sunyer et al. 2013 140
Total 3854
* Data from Robinson and Williams (2005).
{ Data held at Data Published for Earth and Environmental Science
PANGAEA data collection.
{ Data also held at the British Oceanographic Data Centre (www.bodc.ac.
uk).
1 CMORE data online at http://cmore.soest.hawaii.edu/.
Table 1. Continued.
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The minimum value of surface irradiance was observed
for stations sampled in the Arctic Ocean (1.4 Einstein
m22 d21) and the maximum value for stations sampled in
the Atlantic Ocean (62.6 Einstein m22 d21) (data available
in the Web Appendix). The integrated GPP and CR rates
showed a weak but significant tendency to increase with the
surface irradiance (PAR) (Fig. 5), with this relationship
being, unexpectedly, stronger for CR than for GPP (for
integrated GPP, R2 5 0.06, p , 0.05; for integrated CR,
R2 5 0.17, p , 0.05). No significant relationship (p . 0.05)
between the depth-integrated NCP and incident PAR was
observed.
Volumetric GPP was significantly higher for autotrophic
communities (5.42 6 0.20 mmol O2 m23 d21) compared to
heterotrophic ones (1.22 6 0.05 mmol O2 m23 d21, t-test,
t 5 220.96, df 5 1927, p , 0.001) and volumetric CR was
significantly lower for autotrophic communities (1.95 6
0.05 mmol O2 m23 d21) than for heterotrophic ones (2.58 6
0.09 mmol O2 m23 d21, t-test, t5 6.13, df5 2643, p, 0.001).
Logistic regression was used to derive the threshold GPP
separating autotrophic from heterotrophic communities,
which was estimated at 1.26 mmol O2 m23 d21 (x2 test,
p , 0.0001).
Autotrophic communities had higher Chl a concentra-
tion (1.61 6 0.10 mg Chl a m23 vs. 0.71 6 0.06 mg Chl a
m23, t-test, t 5 28.04, df 5 1126, p , 0.001) and bacterial
abundance (0.89 6 0.05 3 106 cell mL21 vs. 0.68 6 0.03 3
106 cell mL21, t-test, t 5 23.51, df 5 382, p , 0.001) than
Table 2. Volumetric (mmol O2 m23 d21) and integrated (mmol O2 m22 d21) mean (6 SE), range (minimum–maximum), and
number of observations of GPP, CR, and NCP, and the median (6 SE), range (minimum–maximum), and number of observations of
P : R ratio for stations where the planktonic metabolism rates were evaluated by the dark–light method. The error propagation was
calculated and is signalized by an asterisk.
GPP CR NCP P : R % heterotrophic rates
Integrated (6SE) 114.165.0 96.964.3 17.565.0 1.160.1 45%
Range 0–972.3 0–1122.8 21056.6–1118.1 0–33.1
n 647 690 697 578
Volumetric (6SE) 3.860.5* 2.261.0* 1.260.8* 1.162.3* 47%
Range 0–399 0–44.6 238.7–81.6 0–543
n 3335 3437 3520 3174
Volumetric surface water (,10 m) (6SE) 6.660.6* 2.660.8* 2.960.6* 1.561.9* 32%
Range 0–399 0–40.9 218.5–69.7 0–344
n 893 873 965 740
Fig. 1. Geographical distribution of the different stations where the planktonic metabolism has been measured by the dark–light
method. White and black circles represent autotrophic and heterotrophic stations, respectively.
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heterotrophic ones. Fitted logistic regression was used to
derive the threshold Chl a separating autotrophic from
heterotrophic communities, which was found to be 0.35 mg
Chl a m23 (x2 test, p , 0.0001). GPP rates increased
significantly with increasing Chl a, although the relation-
ship was relatively weak (Fig. 6), as described by the fitted
model II regression equation:
Log GPP(mmol O2 m
{3 d{1)
~0:53(+0:02)z1:02(+0:03)log Chl a(mg m{3)
(R2~0:29, pv0:05, n~1111)
ð1Þ
The slope being close to 1.0 shows that GPP increases
proportionally to Chl a. Similarly, NCP and CR rates
increased significantly with increasing Chl a (R2 5 0.23 and
0.09, respectively, p , 0.05), but these relationships were
even weaker than that for GPP (data not shown here).
Volumetric CR rates tended to increase with increasing
bacterial abundance (Fig. 6), but the relationship was very
weak (R2 5 0.05, p , 0.05). Volumetric GPP tended to
weakly increase with increasing bacterial abundance (R2 5
0.09, p , 0.05) whereas no significant relationship between
NCP rates and bacterial abundance was observed (R2 5
0.02, p . 0.05) (data not shown here).
CR rates increased with increasing GPP (Fig. 6) as
described by the fitted model II regression equation:
Log CR(mmol O2 m
{3 d{1)~0:01(+0:01)
z0:79(+0:01)log GPP(mmol O2 m{3 d
{1)
(R2~0:30, pv0:05, n~3149)
ð2Þ
The slope being significantly , 1 (F-test, t 5 1, df 5
3182, p, 0.05) indicates that CR increases as the 3/4 power
of GPP and is, therefore, highest relative to GPP in
communities with low GPP. Some GPP and CR data (5%
and 3% of the estimates in the dark–light database,
respectively) were reported to be below 0.1 mmol O2
Fig. 2. Geographical distribution of the different metabolism stations measured by the dark–light method where the Chl a (circles)
and the bacterial abundance (squares) data were available.
Fig. 3. Yearly distribution of the number of observations of
planktonic metabolism measured by the dark–light method in the
open ocean.
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m23 d21, which is close to the detection limit, possibly
affecting the regression between CR and GPP. However,
the slope of the log CR vs. log GPP regression had a slope
of 0.79 6 0.01, an intercept of 20.002 6 0.01, and a
threshold of GPP of 1.33 when these data were excluded.
These regression parameters and threshold of GPP were
not significantly different (t-test, t 5 0.43, df 5 10, p .
0.05) from those derived for the entire dark–light data,
showing that GPP and CR rates , 0.1 mmol O2 m23 d21
did not significantly influence the regression analysis.
We used bootstrap to examine the variability of the
estimates and the robustness of the representation derived
from the dark–light data set assembled. The bootstrap
estimates of slope, intercept, and threshold of GPP showed
little variability and were not significantly different (t-test,
t 5 0.43, df 5 10, p . 0.05) from the regression parameters
derived using the entire dark–light data (Table 4). The
bootstrap results demonstrated the robustness of the
relationship and showed that this relationship provides an
adequate representation of the functional regression
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Fig. 4. Relationship between the average 6 SE volumetric
GPP and CR (mmol O2 m23 d21) both measured by the dark–
light method within 10 m depth bins and the depth (m). The solid
lines represent the fitted semilog-line regression with equations
reported in the figure.
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between CR and GPP across the ocean, not contingent on
the specific data used. Bootstrap also showed the GPP
threshold for GPP 5 CR to be robust (Table 4), and to
correctly classify as heterotrophic or autotrophic on
average 63.2% 6 0.3% of independent communities.
Discussion
The results presented are based on a much-expanded
data set (3854 community rates, 3149 volumetric GPP–CR
paired estimates, and 1395 individual stations) of metabolic
rates by plankton communities measured by the dark–light
method in the photic zone of the ocean compared to
previous efforts (Robinson and Williams 2005). In addition
to the increased sample size, the present dark–light
database encompasses communities sampled in the five
different oceans and the Mediterranean Sea, for different
periods of the year. This represents an improvement
relative to previous assessments, such as that of Robinson
and Williams (2005) dominated by estimates derived from
midlatitudes in the Atlantic Ocean, with very few estimates
available for the rest of the ocean (cf. figs. 9.2 and 9.12 in
Robinson and Williams 2005). Despite these improve-
ments, the dark–light data set on plankton metabolic rates
Fig. 5. Log–log plot of integrated GPP (mmol O2 m22 d21)
and integrated CR (mmol O2 m22 d21) both measured by the
dark–light method with surface irradiance (PAR, Einstein m22
d21). The fit model I regressions have the following equation: log
GPP 5 1.55 (6 0.07) + 0.007 (6 0.002) PAR, R2 5 0.06, p , 0.05,
n5 268; log CR5 1.44 (6 0.06) + 0.01 (6 0.001) PAR, R25 0.17,
p , 0.05, n 5 274.
Fig. 6. Log–log plot of GPP (mmol O2 m23 d21) and Chl a
(mg m23), CR (mmol O2 m23 d21) and bacterial abundance (BA,
cell mL21), and GPP (mmol O2 m23 d21) and CR (mmol O2
m23 d21) from the dark–light method data set. The fitted model II
regressions have the following equations: log GPP5 0.53 (6 0.02)
+ 1.02 (6 0.03) log Chl a, R25 0.29, p, 0.05, n5 1111; log CR5
27.20 (6 0.33) + 1.30 (6 0.06) log BA, R2 5 0.05, p , 0.05, n 5
493; log CR 5 0.79 (6 0.01) log GPP + 0.01 (6 0.01), R2 5 0.30,
p , 0.05, n 5 3149.
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analyzed is still highly imbalanced, with a dominance of
stations sampled in coastal and North Atlantic waters (45%
of all measurements), and particularly poor representation
of the South Pacific and South Indian Oceans. Because
the distribution of communities in the data set is biased
towards productive ones, the average values cannot be
directly extrapolated to derive global estimates of GPP and
respiration of planktonic communities nor the metabolic
balance of the ocean.
We are, thus, still far from achieving a globally balanced
representation of metabolic rates in the global ocean
despite a major increase in rates available. However, this
analysis can directly help the research community contrib-
uting to this topic into targeting the underrepresented
regions, thereby helping build a database eventually
allowing scaling of a true global picture of ocean
metabolism. Efforts should concentrate in the southern
hemisphere, as the ocean surface : land surface ratio there
(1 : 4) is much greater than that in the northern hemisphere,
which has a ratio of about 1 : 1.5.
The relationship between GPP and Chl a concentration
reported here could possibly provide an avenue to scale
up GPP at the global scale from Chl a concentration.
However, this relationship accounts for only 30% of the
variance in GPP, indicating that predicting GPP from Chl a
concentration involves considerable uncertainty, and that
factors other than Chl a concentration, including irradiance
(Copeland 1965; Goldsborough and Kemp 1988), temper-
ature (Brown et al. 2004; Lo´pez-Urrutia et al. 2006;
Regaudie-de-Gioux and Duarte 2012), and nutrient con-
centration (Oviatt et al. 1993; Taylor et al. 1995), among
others, must play an important role in regulating plank-
tonic GPP. Whereas we observed that the integrated GPP
was only weakly correlated with the incident surface
irradiance (Fig. 5), temperature has been reported to exert
a strong effect on Chl a–specific metabolic rates, with
specific respiration rates increasing steeply with increasing
temperature (Regaudie-de-Gioux and Duarte 2012). In-
deed, evaluation of the temperature dependence of
plankton community metabolism has shown that, as
predicted from metabolic theory (Harris et al. 2006), CR
increases faster than GPP, with the activation energy in the
Arrhenius equation describing the temperature dependence
of CR, 0.66 6 0.05 eV, being twice as high as that for GPP,
0.32 6 0.04 eV (Regaudie-de-Gioux and Duarte 2012).
Accordingly, the P : R ratio increases with increasing
temperature, and communities in waters warmer than
21uC tend to have P : R ratios , 1 (Regaudie-de-Gioux and
Duarte 2012). Moreover, the global inventory of Chl a
concentration is available only for surface waters, which
are accessible to satellite-based instruments, and thus does
not allow integration of GPP across the entire photic layer.
Our results confirm that the respiration of planktonic
communities of our dark–light data set increases with
increasing GPP (Fig. 6). However, CR scaled as the 0.79
6 0.01 power of GPP for our dark–light data set, compared
to the 0.5 6 0.03 power reported by Duarte and Agustı´
(1998) and the 0.62 power reported by Robinson and
Williams (2005). Bootstrap analyses showed that the slope of
0.79 6 0.01 reported here is robust, so that the doubling of
metabolic rates included in our analysis relative to earlier
effort now provides a robust representation of the functional
scaling between CR and GPP. CR increasing as the 3/4
power of GPP indicates that, as observed in the past, CR
increases more slowly with increasing GPP than GPP does,
i.e., unproductive communities tend to have low P : R ratios
(Duarte and Agustı´ 1998). Differences in the scaling of GPP
to CR may occur, depending on the allochthonous inputs of
organic carbon to the communities, which may elevate CR
relative to GPP (i.e., higher intercept), particularly at low
GPP (i.e., shallow slopes), as well as water temperature,
which results in elevated CR for a given GPP in warm
surface waters (Regaudie-de-Gioux and Duarte 2012).
Our results also confirm earlier indications that com-
munities with low GPP and low Chl a concentrations tend
to be heterotrophic (Duarte and Agustı´ 1998). The
threshold GPP of 1.26 mmol O2 m23 d21 reported here is
within the range of previous estimates (Duarte and
Regaudie-de-Gioux 2009), but somewhat higher than those
derived from previous global analyses (1.06 mmol O2
m23 d21, Duarte and Agustı´ 1998; 1.09 mmol O2 m23 d21,
Robinson and Williams 2005).
Half of the sampled dark–light communities were
heterotrophic (Table 2). However, the fraction of hetero-
trophic communities in our analysis is likely underestimat-
ed because the least productive regions of the ocean, the
southern subtropical gyres, are grossly underrepresented
in the data set. Indeed, the threshold Chl a concentration
of 0.35 mg Chl a m23 separating heterotrophic from
autotrophic communities is higher than the median Chl a
concentration in open ocean waters (Morel and Maritorena
2001), suggesting that heterotrophic communities may
prevail in the open ocean. Furthermore, 78% of the annual
surface satellite Chl data (SeaWiFS data) in 1998 and 76%
in 2008 were below the threshold Chl a concentration,
suggesting that heterotrophic communities should prevail
in the surface of the open ocean. Resolving the metabolic
balance of the ocean remains an elusive goal that awaits an
effort to improve the distribution of data on metabolic
rates in the ocean, particularly for oligotrophic gyres in the
southern hemisphere. Likewise, understanding the preva-
lence of heterotrophic communities in the less productive
regions of the ocean requires that allochthonous organic
inputs be quantified as a necessary step to reconcile the
carbon budget of these important regions of the ocean. In
general, although CR is closely coupled to GPP, systems
become increasingly autotrophic with increasing GPP.
Table 4. Mean (6 SE) of the log CR vs. log GPP regression
analysis deviation (slope, intercept, R2, and threshold) using all
the data of the dark–light data set and derived using bootstrap
estimates. The mean (6 SE) of the bootstrap estimates represents
that of 10 bootstrapping iterations.
All data
(mean6SE)
Bootstrapping
estimates (mean6SE)
Slope 0.7960.01 0.7660.10
Intercept 0.0160.01 0.0260.01
R2 0.30 0.3060.06
Threshold 1.26 1.2960.10
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Our analysis indicates that CR is scaled as the 3/4 power
of GPP, with a power slope significantly higher than
previous assessments (Duarte and Agustı´ 1998; Robinson
and Williams 2005). This inconsistency is most likely due to
biases in the data coverage of the oceans even in the present
expanded database. To obtain definitive global values for
community metabolism will require a targeted approach
using similar techniques focused on the oligotrophic gyres
of the South Pacific and the Indian Ocean. A combination
of techniques, including in vitro and in situ methods, used
concurrently and the use of scaling strategies based on
relationships between metabolic rates and temperature, Chl
a, and irradiance have been proposed to help resolve the
metabolic budget of the ocean (Duarte et al. 2013).
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